A method for distinguishing burst onsets of voiceless stop consonants in terms of place of articulation is described. Four speakers produced the voiceless stops in word-initial position in six vowel contexts. A metric was devised to extract the characteristic burst-friction components at burst onset. The burst-friction components, derived from the metric as sensory formants, were then transformed into log frequency ratios and plotted as points in an auditoryperceptual space (APS). In the APS, each place of articulation was seen to be associated with a distinct region, or target zone. The metric was then applied to a test set of words with voiceless stops preceding ten different vowel contexts as produced by eight new speakers. The present method of analyzing voiceless stops in English enabled us to distinguish place of articulation in these new stimuli with 70% accuracy.
INTRODUCTION
Over the past 40 years, much research has been devoted to the question of whether distinct spectral patterns that correspond to phonetic dimensions, such as place and manner of articulation, can be derived from the acoustic waveform.
While early research failed to find any consistent mapping between acoustic properties and phonetic features (e.g., Cooper et al., 1952; Schatz, 1954; Delattre et al., 1955) , more recent research suggests that stable properties corresponding to phonetic features may indeed be found in the speech signal, provided that the signal is analyzed in the appropriate way.
Much of this research has focused on the search for properties distinguishing place of articulation in American English stop consonants. The acoustic theory of speech production (Fant, 1960 ) predicts that such properties can be derived from the short-time spectrum sampled at consonantal release. In this view, the acoustic information residing in the burst and approximately 20 ms of formant transitions combine into a single integrated property for place of articulation. For example, Blumstein and Stevens (1979) found that the gross spectral shape derived from the first 25 ms of a stop consonant provided unique and invariant information about its place of articulation. Their research was thus based on static properties of the speech signal in that a spectral shape was derived over a single 25-ms window. However, dynamic time-varying properties of the speech signal seem to provide a more reliable cue to place of articulation (Searle et al., 1979 (Searle et al., , 1980 The present study attempts to derive stable properties corresponding to place of articulation for stop consonants within the auditory-perceptual theory (APT) as motivated and described in detail by Miller (1987 Miller ( , 1989 . In this approach, the spectral shape is assumed to be highly correlated with the locations of the "significant spectral prominences." Furthermore, a method is suggested for using these locations to define an auditory-perceptual space (APS) of three dimensions based on log frequency ratios in which both consonants and vowels can be mapped.
Briefly, these dimensions are defined by the short-time spectrum of speech sounds. Two types of spectra are distinguished: glottal-source spectra and burst-friction spectra. In general, the positions of the first three prominences for glottal-source sounds, and the position of two selected prominences for burst-friction sounds, in addition to their relation to a reference low-frequency component, define the location of each speech sound within the three-dimensional auditoryperceptual space. The following equations define this space for glottal-source spectra:
where SF1, SF2, and SF3 represent the frequency locations of the first three significant prominences of the short-term spectral envelope of the acoustic waveform. SR is a reference frequency which is shifted slightly by the current speaker's average pitch and by significant pitch modulations (see Miller, 1989 ).
In the present paper, only the burst-friction spectra of syllable-initial voiceless stops of American English are considered. The center frequencies ooe the sensory formants ooe burst-friction spectra are signified as burst-friction sensory formants BF1, BF2, and BF3. Since voiceless burst-friction spectra are characterized by the absence ooe significant lowfrequency energy, BF1 is arbitrarily set equal to SR, and such spectra are thus described by the values of BF2 and BF3. For the present study, the sensory reference was set equal to 168 Hz, the average pitch of male and female speakers, as reported by Peterson and Barney ( 1952) .
• The spectra are located in the auditory-perceptual space by the oeollowing equations:
Since in the case of burst-friction spectra the absent first formant is set equal to SR, z = log (BF2/SR) and the y component is zero. Therefore, burst-friction spectra are located in the xz plane of the three-dimensional space. The application of the auditory-perceptual theory to stop consonants involves the following steps: First, a burst spectrum is derived using LPC analysis. Then, two spectral peaks (BF2 and BF3 ) are selected and converted into x and z coordinates in the APS on the basis of log frequency ratios by means of Eqs. (4)-( 6 ). It is hypothesized that the values for x and z for a given burst-spectrum spoken by different speakers will uniquely define a two-dimensional enclosed region in this space, which is called a target zone.
A necessary condition for the success of the auditoryperceptual interpretation of the stop consonants is that the burst spectra of the stops be separable into distinct regions or target zones. That is, the regions occupied by the burst-spectra of labial, alveolar, and velar stop consonants must be mutually exclusive. This paper is an attempt to characterize the burst onsets of English voiceless stops as occupying distinct regions in the auditory-perceptual space.
I. EXPERIMENT I
The first experiment was conducted to devise a metric that would, for each place of articulation, reliably pick two characteristic burst-friction peaks from LPC spectra, and to establish preliminary target zones to distinguish voiceless stop consonants in terms of place of articulation in the APS.
A. Methods

L Subjects
Four students, two males and two females, served as speakers. All were native speakers of a general Midwestern dialect of American English, with no known history of either speech or hearing disorders. 
Recording
Speakers were recorded in an anechoic chamber, using a special low-noise microphone/preamplifier combination (Bruel and Kjaer, model 4179/2660). The microphone was placed at a height equal to 0.5 m in front of the speaker's mouth (0 ø angle of incidence). The microphone output was fed directly to a digital audio recorder in a 16 bit mode (Sony, model PCM-501ES) with a video cassette recorder (JVC, model 720) serving as the storage medium.
The speakers initially read the tokens while the experimenter set the recording levels. Once an appropriate level had been determined, a calibration tone was recorded directly onto the tape. Reqording levels were not varied after this time. A reading timer device, designed and built in-house, was used to regulate speakers' speed for recitation of the tokens.
Analysis
The recordings were digitized at 20 kHz with 16 bit precision and stored as files to be processed by the commercial software package ILS (Interactive Laboratory System). The sampled data files were then high-pass filtered, using a second-order 50-Hz Butterworth Filter to remove any incidental low-frequency noise.
For our analyses, the initial aperiodic portion defined as the interval from release burst up to onset of voicing (i.e., burst, frication, and aspiration noise) of each stimulus was located using a graphics display terminal. A burst spectrum was then derived using LPC analysis. In our LPC analyses, we used a 24-ms full Hamming window, a preemphasis factor of 0.98, and 24 poles. The number of spectral peaks to be extracted was set equal to 5.
Our analysis focused on the spectral characteristics of the onset of the burst (see Kobatake and Ohtani, 1987) .
That is, the 24-ms Hamming window was centered over burst onset, with the left tail of the window positioned 12 ms prior to burst onset. Frequency and amplitude values were then obtained.
Selection of burst-friction formants
Within the flamework of APT, voiceless burst-friction sounds are characterized by the location of two burst-friction prominences. Inspection of the spectral displays did show a general tendency for spectral peaks to occur at frequency locations expected on the basis of the acoustic theory of speech production (Fant, 1960) . However, these peaks did not always dominate the spectrum. In other words, only when the place of articulation of a particular stop consonant was known could the appropriate spectral peaks be picked. The problem was to devise a metric that would pick those peaks without any prior information about the identity of the consonant.
In order to develop such a metric, we first handpicked those peaks from the spectral displays that we felt were potential candidates for consistently distinguishing among bilabial, alveolar, and velar stop consonants. The tokens were grouped in terms of place of articulation and analyzed by hand. For example, both authors analyzed all alveolar tokens, and picked for each token those two peaks that seemed characteristic for the alveolar place of articulation. We then devised a metric that would pick these handpicked peaks as often as possible.
The following metric was devised. First, the spectral peak with maximum amplitude below 6 kHz was located and labeled P(max). Then, moving from 60 Hz-6000 Hz, the first two peaks within 10 dB of P(max) were picked as BF2 and BF3. Thus, in those cases where there were two peaks within 10 dB of, and to the left of, P(max), the maximum peak itself would not be picked as a burst-friction component, as shown in Fig. 1 [panel (A) ]. Furthermore, in those cases where BF2 had been picked and BF3 was separated from BF2 by 2500 Hz or more (a pattern that often occurred for the velars), the frequency value for BF2 was also used as that for BF3, as shown in Fig. 1 [panel (b) ]. If, however, there were no peaks within 10 dB of P(max), the frequency value for P(max) was used for both BF2 and BF3, as shown in Fig. 1 [panel (c) ]. These burst-friction prominences were then converted into x and z coordinates on the basis of log frequency ratios by means of Eqs. (4)-(6) and plotted in the auditory-perceptual space.
II. RESULTS
This metric was then systematically applied to the initial voiceless stop consonants of four speakers, without prior knowledge of their place of articulation. The metric was implemented as a computer program such that it was applied automatically to each token. As shown in Fig. 2 , the different places of articulation generally cluster into distinct regions. In an attempt to minimize the amount of overlap, preliminary target zones were drawn by hand, using a computer-aided method with a resolution of 0.005 log units.
The locations of the zones are somewhat reminiscent of those devised by Fant (1973) for the Swedish voiceless stops [p, t, k], using a linear F 2 by F 3 space. Fant obtained high identification scores, but these were based on only 27 tokens produced by one male speaker. The present target zones are based on 143 tokens produced by four speakers. As can be seen, the present target zones are highly irregular in shape. Due to these irregular contours, many vowel-dependent effects can be accommodated. These regions enable us to distinguish the voiceless stops in terms of place of articulation with 98% accuracy. Table I and Lieberman, 1987). This distinction does show up, in that all velar tokens with a small z value are followed by back vowels, whereas all other velars (for which z is relatively large) are followed by front vowels. In this way, for those velars that were correctly classified by the algorithm (98% of all velar tokens), front and back allophones of [k] could be distinguished with 96% accuracy. As is apparent from Fig. 2 , there seem to be two distinct regions for the alveolars as well. The alveolars were represented by two different spectral shapes. In the one case, as shown in Fig. 3, the method would pick a mid-and a mid-to  high-frequency peak, a pattern corresponding 
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III. EXPERIMENT II
The peak-picking algorithm and the preliminary target zones enabled us to distinguish the voiceless stops in the training set with 98% accuracy with respect to place of articulation. A second experiment was conducted to verify the algorithm and the location of the preliminary target zones using a set of voiceless stops, which were produced by a new set of speakers in a greater number of phonetic contexts. and a final consonant. 3 All stimuli were existing English words and included those that had been used in experiment I. All stimuli were read in random order at a normal speaking rate. The data analyzed consisted of 240 stimuli (eight speakers X three consonants X ten vowels).
Recording and analysis
The methods used for the recording and analysis of the tokens were those described for experiment I. As in experiment I, after LPC spectra had been obtained, the peak-picking algorithm was applied, and the peaks were converted into x and z values and plotted in the APS.
Results
The 240 tokens were plotted in APS and scored in terms of whether they fell in the appropriate preliminary target zones that had been established in experiment I. These target zones enabled us to distinguish the new set of voiceless stops in terms of place of articulation with 65 % accuracy. Table II  presents It must be noted that, for the present study, we have simply drawn the target zones such that they enclose as many appropriate data. points as possible. However, with this relatively small sample, it remains an open question whether such zones will prove to have any explanatory value. In order to address this question, perceptual verification experiments must be conducted to establish the "psychological reality" of the target zone boundaries. However, until this issue has been settled, we believe that there is no a priori reason to prefer smooth zones (e.g., circles or ellipses) over the present irregular zones.
IV. DISCUSSION AND CONCLUSIONS
The present study involved the acoustic analysis of voiceless stop consonants. Our method of analysis focused on the spectrum at burst onset. A metric was devised to extract the relevant burst-friction components from that spectrum. These components were then converted into log frequency ratios and represented as points in an auditory-perceptual space (APS). In APS, each place of articulation was seen to be associated with a distinct region, or target zone. Application of the metric to a training set of stimuli, which allowed for the initial drawing of the target The decrease in performance from training set to test set raises several questions. First, one may wonder whether burst spectra can be appropriately described in terms of the locations of spectral peaks. Although a few studies have documented the location of frequency peaks in burst spectra, these peaks have been shown to vary considerably as a function of the following vowel (e.g., Zue, 1976; Repp and Lin, 1989). One obvious reason for the decrease in performance is, therefore, the increase in spectral variability resulting from the use of different phonetic contexts and additional speakers.
Current research emphasizes the characterization of burst spectra in terms of global spectral shape, rather than the absolute frequency locations of spectral peaks, to reduce this variability (e.g., Stevens and Blumstein, 1981 ) . Within the framework of the auditory-perceptual theory, the location of spectral peaks is assumed to reflect gross spectral shape. The present peak-picking metric does take into account spectral shape and spectral tilt in that it is sensitive to amplitude relations between spectral peaks in addition to frequency location. In the auditory-perceptual theory, extraction of spectral peaks is necessary in order to define the location of each speech sound in the auditory-perceptual space. While this approach has been shown to be successful for the representation of vowels (Miller, 1989; Jongman et al., 1989) , the present study forms only a first step toward the representation of (stop) consonants in the auditory-perceptual space. If successful, this approach will provide a unified framework in which vowels and consonants can be rep- The present study was based on only a single analysis frame. However, instead of representing the burst spectrum as a single point in APS, it is intended that a point be calculated for every millisecond of the speech signal. Thus, over time, a sequence of points (or "path") through APS is generated. Such a dynamic representation would allow for the continuous tracing of consonants and vowels and would enable us to take spectral changes over time into account within the auditory-perceptual theory.
Another issue of interest involves the perceptual verification of the hypothesized target zones. Further research is planned to explore whether the extracted spectral peaks and irregular target-zone boundaries have any perceptual significance. This will be accomplished by obtaining listeners' responses to stimuli that are synthesized from x and z values taken from APS. For example, some of the peaks selected by the algorithm as representative of [p] are rather low in frequency and might, in fact, arise from subglottal resonances. As such, these peaks would not contribute to perception of the labial place of articulation. Perception experiments will therefore help to refine the peak-picking algorithm.
As a preliminary attempt to determine whether the irregular target-zone boundaries have any perceptual significance, we used a synthetic continuum from the literature in In sum, the present approach, based on a single analysis frame at burst onset, yielded promising results for the classification of place of articulation in voiceless stop consonants within the auditory-perceptual theory. Additional research, involving the inclusion of dynamic spectral information and the use of perception studies to evaluate the peak-picking metric and to verify the location of the target zones, is needed to further assess the auditory-perceptual approach to the representation of stop consonants.
